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Intense ultrafast laser-pulse driven solids have provided systematic insight into the dynamics of electrons in
condensed matter systems, which opens up prospects for quantum control of solids and all-optical band struc-
ture reconstruction. However, the underlying many-body dynamics in strongly correlated or coupled systems,
remains to be understood. Here we consider an ultrafast laser driven Kondo lattice model, in which conduc-
tion electrons are strongly coupled with magnetically local moments. The ultrafast laser field excites collective
doublon-hole pairs and induces a transient melting of Kondo coherence phase, which is evidenced by the high-
frequency photon emission. The theoretical insight is accessible with time- and angle-resolved photoemission
spectroscopy and high-harmonic generation spectroscopy, and will stimulate the investigation of nonequilibrium
dynamics and nonlinear phenomenon in heavy fermion systems.
INTRODUCTION
Interaction of intense ultrafast lasers with solids produces
extremely non-linear optical and electronic responses [1–3].
In particular, the laser-pulse driven electron dynamics allows
to track real-time evolution of charge excitations, thus making
all-optical band structure reconstruction possible [4–6]. Ul-
trafast pump-probe experiments have been successfully car-
ried out on elemental metals and semiconductors [7–15] and
very recently in topological materials [13, 14, 16–18], where
the electronic dynamics can be described by a noninteracting
electron theory. It is now also believed that the technique can
provide insight into collective behaviors in strongly correlated
electronic systems [19–22]. However, complex correlations
can lead to instabilities with macroscopic impacts like phase
transitions and emergence of novel orders — hardly cap-
tured by non-interacting electron theories. Examples include
the photoinduced high-temperature superconductivity [23],
the long-lived photoinduced change in the second-harmonic-
generation signal from a transition-metal oxide heterostruc-
ture [24], and the transient dehybridization in a f -electron
heavy-fermion system [25]. An ongoing quest of ultrafast
spectroscopy is to investigate elementary excitations and their
scattering processes, and novel phases in strongly correlated
quantum materials driven out of equilibrium. The exciting
progresses in this field of research have been made possible
by the advances in spectroscopy probes like high-resolution
time-resolved angle-resolved photoemission spectroscopy (tr-
ARPES) [4–6] and nonlinear optical high-harmonic gener-
ation (HHG) [7–14]. However, in contrast to the case for
non-interacting electron systems [26, 27], it is much more
challenging to understand the underlying microscopic pro-
cesses [28–36] for ultrafast phenomena in strongly correlated
materials, where electron, spin, and orbital degrees of free-
dom are fundamentally entangled [37, 38]. It is not yet clear
to what extent the many-body correlation effects influence
the ultrafast electron dynamics. Therefore, it is highly de-
sirable to investigate how the coupling between different de-
grees of freedom would influence ultrafast electron dynam-
ics in strongly correlated systems, and particularly develop a
powerful theory to identify the roles of the driving field pa-
rameters (e.g. intensity, periodicity) for the novel quantum
phases emerging out of equilibrium.
To fill in this gap, in this paper, we study ultrafast laser-
pulse driven many-body dynamics in the Kondo lattice model
(KLM), which is a prototypical model describing the essential
physics in heavy-fermion compounds containing rare-earth or
actinide elements. In these systems, the interplay between
strong on-site Coulomb repulsion on localized f -orbital elec-
trons and their hybridization with conduction electrons in s-,
p-, d-orbital [39, 40] gives rise to emergent phenomena such
as unconventional superconductivity and local quantum criti-
cal point [41]. To be specific, the KLM can be described by
[42–44]
Hˆ =
L−1∑
i,σ
[t0e
−iΦ(t)c†iσci+1,σ + h.c.] + JK
∑
i
Si · si . (1)
Here c†iσ denotes the creation operator of a conduction elec-
tron with spin σ =↑, ↓, and si (Si) is the effective spin
of conduction electron (localized spin moment). The con-
duction electrons interact with local spin- 12 moments Si
via a Kondo coupling JK . In Eq. (1), the laser electric
field E(t) = −dA(t)/dt is incorporated through the time-
dependent Peierls phase ea0E(t) = −dΦ(t)/dt (a0 is lat-
tice constant, e is electric charge unit, A(t) is the field vector
potential). Using time-dependent density-matrix renormaliza-
tion group algorithm (t-DMRG) [45–48], we demonstrate the
complex many-body electron dynamics and transient phase
transition stemming from the Kondo coherence collapse,
which are recorded by real-time evolution of doublon-hole
pair population and effective quasiparticle band dispersion.
We identify the re-collision between the excited doublon and
its associated hole, which generates high-harmonic emission
spectra. We also address field intensity dependence of the cut-
off of emitted photon energy, field dependence of spectrum
intensity and time-resolved emission spectrum. Our findings
open up the possibility of investigating many-body dynamics
and non-linear behavior of heavy-fermion systems using in-
tense ultrafast pump and probe techniques.
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FIG. 1. Laser pulse induced breakdown of the Kondo insulator.
(a) Cartoon picture for the equilibrium ground state of Kondo insu-
lator with Kondo singlet forming on each site. The blue square (red
circle) represents local moment (electron) degree of freedom. (b)
Laser field excites double-occupancy and hole states, which leads
to the collapse of Kondo singlet pairing. (c) Time-resolved wave-
function overlap with the initial state G(t) = |〈Ψ(t = 0)|Ψ(t)〉|2,
where Ψ(t) is the time-evolution wave function. (d) Time-resolved
averaged double occupancy dj=L/2 = 〈Ψ(t)|nj,↑nj,↓|Ψ(t)〉. We
set the pulse frequency ω0 = 0.014a.u. ≈ 90THz, peak strength
E0 = 0.005a.u. ≈ 25MV cm−1 and a 5−cycle sin2 envelope
(white solid line). The black dashed line shows the time when the
threshold field strength Eth is reached.
BREAKDOWN OF KONDO INSULATOR
We start by discussing the salient features induced by ap-
plying a laser pulse. Generally, in equilibrium case the ground
state of the KLM is a product state of Kondo singlets (see Fig.
1(a)), where each site hosts a spin-singlet state forming by one
local spin moment and one conduction electron. Applying the
intense laser pulse can excite the charge carriers, resulting in a
hole on one lattice site (a holon) and a neighbouring site with
two electrons (a doublon) (see Fig. 1(b)). The creation of
doublon and holon carriers will destroy the Kondo singlets. In
this context, the laser field is expected to induce the collapse
of the Kondo insulator.
We show time-resolved laser-induced breakdown of the
Kondo insulator, via the time-evolution of wave function fi-
delity G(t) = |〈Ψ(t = 0)|Ψ(t)〉|2 (Fig. 1(c)) and the av-
eraged density of doublon, dj=L/2 = 〈Ψ(t)|nj,↑nj,↓|Ψ(t)〉
(Fig. 1(d)). First of all, we identify the quantum phase tran-
sition depending on the Kondo coupling strength JK . In
small JK regime, it is found that the wave function fidelity
G(t) drops to nearly zero within several laser cycles. Simul-
taneously, the population of doublons rises and saturates to
dsatj ∼ 0.25. Both results demonstrate the destruction of the
Kondo insulator during the pulse. On the contrary, for large
JK regime, wave function fidelity G(t) is close to one (de-
spite some regular oscillations) and dj(t) is always pinning at
zero, indicating the failure of exciting doublon-holon pairs.
To understand the above observations, we perform an adi-
abatic perturbative analysis based on Landau-Zener theory
[49, 50]. In the quantum tunneling regime (non-resonance
limit ω0  ∆), we obtain a threshold field Eth in the dc-limit
(see Supplementary Information [54]):
Eth ≈ ∆
2
8t0
, (2)
where ∆ is the Kondo excitation gap of electrons which is
dependent on JK [42–44]. Physically, Eq. (2) character-
izes that quantum tunneling process dominates the creation
of doublon-holon pairs, when the energy drop in length scale
equivalent to electron correlation length ξ becomes compara-
ble to the excitation gap ξEth ∼ ∆ [51, 52]. Then the tran-
sition is expected at when the condition of E(tc) = Eth can
be satisfied, where tc is the first time that electric field E(t)
exceeds the threshold field Eth. In Fig. 1(c-d), we plot the
dependence of JK on transition time tc (black dashed line),
estimated from Landau-Zener theory. As we see, if E(t)
exceeds the threshold value Eth, the driving laser field can
induce a quantum phase transition and the Kondo insulator
breaks down. Otherwise, if the laser field is not strong enough
(E(t) < Eth), the Kondo insulator is stable against to the laser
pulse. Importantly, the emergence of threshold field Eth and
its dependence on excitation gap ∆ indicate that, the Kondo
insulator with larger Kondo coupling strength is more robust
against a laser pulse field, consistent with our observations in
Fig. 1.
SPECTRAL FUNCTION
To strengthen the evidence leading to our previous assign-
ment, we show the effects of laser pulses on spectral func-
tions in Fig. 2 in the separated panels. For reference, we
first show the cases before arrival of pulse field (as illus-
trated in Fig. 2(a-c)), which probe the equilibrium electronic
structures. Clearly, there exists a spectral gap in equilibrium
spectral function for all finite JK , which manifests the hy-
bridization induced Kondo insulator [44]. Importantly, the re-
sults after applying the pulse field reveal a dichotomy as one
tunes JK . For small JK region (Fig. 2(d)), after pumping,
it is found that the spectral gap is completely smeared out,
and the overall spectral weight shows a considerable shift to-
ward Fermi energy (setting at EF = 0). The closing of the
Kondo energy gap through transient recovery of the gapless
electronic dispersion indicates the melting of Kondo insulat-
ing state. In addition, the effective band dispersion is signif-
icantly broadened after pumping, which can be attributed to
the multi-scattering processes by localized spins. In large JK
region (Fig. 2(f)), the Kondo coherent bands become stiff, de-
spite some photo-excited states appear in the Kondo gap and
partial spectral weight transfers to the low-frequency region.
With the increase of JK , we identify a smooth crossover from
laser-driven gapless liquid JK . 1.25 to the Kondo insula-
tor phase JK & 1.25 (Fig. 2(d-f)). Again, these observations
demonstrate that the Kondo insulator with smaller gap is more
susceptible to the photo-excitation.
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FIG. 2. Energy-momentum resolved spectra. Contour plots of spectral function A(k, ω) of the conduction electron (top) without a driven
pulse field and (bottom) with a driven pulse field, for various Kondo couplings: (a,d) JK = 0.5, (b,e) JK = 1.0 and (c,f) JK = 1.5. The laser
has peak strength E0 = 0.005 a.u., frequency ω0 = 0.014 a.u. and a 5-cycle sine-square envelope.
Figure 2 outlines the key features that allow us to extract
the effective quasi-particle dispersion, which can be directly
mapped out by the time and angular-resolved photo-emission
spectrum (tr-ARPES) measurements [25]. In addition, the ef-
fective quasi-particle dispersion is insightful to understand the
non-linear optical response, as we will show below.
HIGH-HARMONIC SPECTROSCOPY
The appearance of photo-excited charged carriers is ex-
pected to generate the non-linear optical responses. Figure 3
shows a typical analysis of characteristic high-harmonic emis-
sions manifesting the charged excitations. Generally, com-
pared with the non-interacting case that shows well-defined
odd harmonic structures [31–33], the harmonics spectra of
the driven Kondo insulator is less regular. Despite the noisy
spectra, several universal behaviors can be identified. In small
JK regime (Fig. 3(a)) the hamonics are largely bounded by
the effective band width W , below which the harmonic struc-
tures can be attributed to the intra-band current in the effective
single-band dispersion (see Fig. 2(d)). In large JK regime
(Fig. 3(b)), increasing Kondo hybridization suppresses low-
order harmonics and generate high-order harmonics above the
energy gap ∆, where the high-harmonic emissions should be
associated with the inter-band current in the effective two-
band dispersion (see Fig. 2(f)). In comparison with the HHG
spectra of the Kondo melting phase (Fig. 3(a)), one notable
difference is that the spectra of Kondo insulator (Fig. 3(b))
is much sharper. In Fig. 3(b), one can see well-resolved odd-
harmonic signal peaks below energy gap ∆. This can be ex-
plained by much long (short) relaxation time of excitations in
the Kondo insulator (Kondo melting phase), which is again
consistent with energy-momentum resolved spectrum func-
tion as shown in Fig. 2: The effective band is significantly
broadened in the Kondo melting phase but not for the hard
Kondo insulator.
To further understand the dynamics of harmonics genera-
tion in more detail, we proceed by analyzing the time profiles
of emission spectra (Fig. 3(c-d)), allowing for the investiga-
tion of the harmonic emission with sub-cycle temporal resolu-
tion. We find two notable differences. First, for small JK (Fig.
3(c)), the photon emission occurs at the first and second cir-
cles of driving field, synchronizing with the dynamical break-
down of the Kondo insulator (see Fig. 1). In contrast, for large
JK (Fig. 3(d)), the photon emission occurs around the peak
of driving field. Second, comparing Fig. 3(c) and (d) in de-
tail, we identify signals of recollision trajectories of doublon-
holon pairs in large JK region (marked by white dotted line
in Fig. 3(d)). These trajectories can be understood by the in-
terband recollisions, i.e. doublons can recollide with the hole
at a specific time. Upon recombination of the doublon and
holon, energy difference is transferred to high harmonic pho-
tons. This result also suggests that emission is generated by
one-photon transitions back the original ground state through
single double-hole recombination These differences in time-
profile analysis again confirm that, after applying laser field,
the small JK region is gapless liquid described by an effective
single-band dispersion, while the large JK region corresponds
to a Kondo insulator with robust hybridization gap.
As last, we present the emission spectra intensity and cut-
off dependence on the field strength. As functions of the
strength of driving field, Fig. 3(e) shows that harmonic inten-
sities approximately follow a Ep0 scaling (p ≈ 11) regardless
of harmonic orders in weak field regime (light blue shade),
whereas it is close to saturation in high field regime (light yel-
low shade). This dependence considerably deviates from the
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FIG. 3. High-harmonic spectroscopy of laser-pulse driven Kondo lattice model. Harmonic spectrum for (a) JK = 0.5 and (b) JK = 1.5.
The vertical dashed lines show energy scales of ∆ (blue) and ∆ + W (red), where charge excitation gap ∆ and effective band width W are
determined by spectral functions in Fig. 2(d,f). Gabor profiles of harmonic order as a function of time for (c) JK = 0.5 and (d) JK = 1.5.
The white dashed line in (c) and (d) mark the energy gap ∆ and ∆ + W , related to the dashed line in (a) and (b). (e) The intensity of the fifth
(red), ninth (green) and nineteenth (blue) harmonic order dependence on the field strength. (f) Contour plot of harmonic spectra and various
field intensity. The laser field has the pulse frequency ω0 = 0.005 a.u. (30 THz), peak strength E0 = 0.0036 a.u. (∼ 20 MV cm−1) and a
7-cycle sine-square envelope.
atomic limit [26, 27], indicating a strongly non-perturbative
regime of light-matter interactions. Moreover, in Fig. 3(f), in
a wide range of field strengths, the harmonic spectra display
well-resolved plateaus, followed by a cutoff. For strong field
strength, the cutoff is field-independent (black dashed line).
The laser pulse parameters reported here are experimentally
accessible. For instance, the time-resolved high harmonic
emissions with ∼ 1 fs accuracy are experimentally achiev-
able [15]. This is sufficient to distinguish the Kondo insulator
from the Kondo melting phase by using the novel nonlinear
HHG features obtained in this work.
DISCUSSION AND SUMMARY
In summary, we have presented a thorough study of the
transient collapse of the Kondo insulator and documentation
of the melting Kondo energy gap, by applying an ultrafast
laser field. We were able to track electric and optical re-
sponse in real time. Importantly, knowledge of the trajectory
of recolliding doublon-holon pair links photon energy to the
effective band dispersion, is close agreement with the energy-
momentum resolved electronic structures. Our findings have
implications well beyond the specific model, which can im-
pact the non-linear dynamics of charge carriers in complex
materials such as heavy-fermion systems in which several de-
grees of freedom play a critical role. Although, in this paper,
we have focused on the special case that the starting equilib-
rium phase is a Kondo insulator (at the half-filling of conduc-
tion electrons), we expect a similar laser pulse field driven
Kondo coherence collapse also occurs in a Kondo metal (with
non-half-filled conductions). On the one hand, the fundamen-
tal many-body dynamics obtained here also sheds lights on
high-dimensional strongly-correlated f -electron systems. On
the other hand, we believe the results reported in this work will
stimulate experimental realization of one-dimensional heavy-
fermi systems (e.g. CeCo2Ga8 [53]) for the study of nonequi-
librium many-body dynamics.
METHOD
We consider a half-filled one-dimensional Kondo lattice
model in the presence of an intense laser field. In Eq. 1,
the hopping parameter of electron bath is set to be t0 =
0.25eV, so that the band width in the conducting limit is
W0 = 4t0 = 1eV. The field vector potential is A(t) =
A0 sin
2( ω0t2N0 ) sin(ω0t), which encloses a total duration of N0
optical cycles in the time domain t ∈ [−N0 2piω0 , 0] (A(t) = 0
otherwise). All parameters of the pulse are well within exper-
imental reach, i.e. typical frequency ω0 ∈ [0.005, 0.014]a.u.
(equivalent to [30, 90]THz) and the laser peak amplitude
5E0 = A0ω0 ∈ [0.001, 0.008]a.u.(equivalent to ∼ [5, 40]
MV·cm−1). The results shown in the main text can be re-
peated for a range of field strengths and frequencies.
We study the time-evolution of Hamiltonian Eq. 1 us-
ing time-dependent density matrix renormalization group (t-
DMRG) algorithm [46, 48]. After obtaining the steady ground
state |Ψ(t = −∞)〉, we let the system evolve according
to the time-dependent H(t) and compute the wave function
|Ψ(t)〉 = Tˆ e−i
∫ t
−∞H(s)ds|Ψ(t = −∞)〉. The time step for
calculation is ∆t = 0.25a.u. ≈ 6 attosecond. In the calcula-
tions, we implement the second-order trotter-expansion, and
keep up to M = 512 states in t-DMRG (the resulting trun-
cation error is less than 10−7). We study the system sizes
L = 24, 36, 48 and reach the qualitatively same picture.
Similar to the single-particle physics, the spectral function
can be defined by the probability for an electron to emit into an
unoccupied state (or absorb from occupied state) in response
to a probe-pulse:
A(i, j, tf , ti) = 〈Ψ(ti)|{c†i,σ(tf), cj,σ(ti)}|Ψ(ti)〉, (3)
where c†i,σ(t) = e
iHˆtc†i,σe
−iHˆt and ti(f) is the initial (final)
time for measurement. The momentum-frequency resolved
spectral function is obtained by Fourier transform:
A(k, ω) =
1
Ns
Ns∑
i,j=1
eik(i−j)
∫ tf
ti
dteiωt−ηtA(i, j, tf , ti).
(4)
We set the smearing energy η = 0.2 (in units of electron hop-
ping energy t0). To reach good resolution in time domain
Fourier transform, we choose |tf − ti| > 1000a.u. . We
also choose a segment enclosing L0 = 12 sites in the mid-
dle of a finite chain to perform the Fourier transform in spatial
space. Experimentally, the quantity A(k, ω) can be detected
by the time and angular-resolved photon-emission spectrum
(t-ARPES).
The pulse induced current operator is calculated by
J(t) = −iea0t0
∑
iσ
[e−iΦ(t)c†i,σci+1,σ − h.c.]. (5)
The harmonic emission is obtained by the Fourier transform
of the dipole acceleration |dJ(t)/dt|2. Time-resolved har-
monic emission is calculated by performing the Gabor trans-
form (window Fourier transform) with the sliding window
e−(t−t
target)/σ2 by setting σ = 1/(3ω0). Note that the high
harmonic generation spectra and related time-frequency anal-
ysis of the emitted harmonic light are also experimentally
available.
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Supplementary Information
THE THRESHOLD FIELD Eth
In this section, we will estimate the threshold field Eth in the DC-limit based on the effective hybridization bands in Kondo
lattice model in the framework of the Landau-Zener’s method. Fig. 4(a) shows dispersion relation of conduction electrons
(brown) and a flat band (blue). Hybridization leads to form an indirect energy (hybridization) gap due to the coherent Kondo
screening of the local moments by the sea of conduction electrons. In case of Kondo insulators the Fermi level is located in
the hybridization gap, thus the band below Fermi level is full occupied. Note that, the cartoon picture in Fig. 4(a-b) has been
confirmed by our DMRG calculations (see Fig. 2 in main text). The resulting band dispersion contains two bands (green in Fig.
4(a)), which will be the starting point for the Landau-Zener’s analysis [49, 50].
Following adiabatic perturbation theory, we have
Hˆ(Φ)|0; Φ〉 = E0(Φ)|0; Φ〉, (6)
Hˆ(Φ)|1; Φ〉dh = Edh(1; Φ)|1; Φ〉dh, (7)
where |0; Φ〉 and |1; Φ〉dh respectively denotes the ground state without a doublon-hole pair and excited state with one doublon-
hole pair. By ignoring multiple pair states, we only consider the excitation channel with one doublon-hole pair. To simplify the
problem, we can study the tunneling process in a Hilbert space spanned by two states, thus the problem reduces to solving the
time-dependent Schro¨dinger equation of the form
|Ψ(t)〉 = a(t)|0; Φ(t)〉+ b(t)|1; Φ(t)〉dh (8)
and the initial condition is a(0) = 1, b(0) = 0. Next we consider the dc electric field: E(t) = E0, dΦ(t)/dt = E0. With the
help of the Landau-Zener’s theory, the tunneling probability from the ground state to the excited state is
PLandau−Zenerp = |b(t→∞)|2 = exp(−pi
Eth
E0
), Eth =
∆2
4v
. (9)
Here, ∆ is the charge excitation gap between conduction band and valence band, v is the group velocity. The key message of
Eq. 9 is, the threshold field Eth quadratically depends on energy gap ∆.
Next, we will numerically determine the excitation gap ∆ in Kondo lattice model and estimate Eth. In Kondo lattice model,
since there are spin and charge degrees of freedom, the typical energy scales include spin gap and charge gap. In this work, we
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FIG. 4. (a) Dispersion relation of conduction band (brown) and a localized flat band (blue). (b) Hybridization induced effective band structures
(green). (c) The dependence of estimated threshold field Eth on Kondo coupling strength JK . The charge excitation gap is obtained on system
size L = 48 Kondo lattice model. (d) The time-profile of electric field E(t) (black line), where the laser field has peak strength E0 = 0.006
a.u., frequency ω0 = 0.014 a.u. and a 5-cycle sin2 envelope. The estimated threshold field Eth (red dashed line) for various Kondo couplings
(from top to bottom) JK = 0.2, 0.4, 0.6, 0.8, 1.0, 1.2. The first crossing between E(t) and Eth gives the transition time tc.
7focus on the charge excitation gap, since the laser electric field is directly coupled to electrons. The charge gap is defined by the
difference of the lowest energy in the subspace Ne = L and Ne = L+ 2:
∆ = E0(Ne = L+ 2, S
z = 0)− E0(Ne = L, Sz = 0). (10)
Owing to the hidden SU(2) symmetry in the charge space, the energy difference is the same as the charge excitation gap in the
subspace of the fixed number of electrons Ne = L [42]. After we determine the charge gap, we can get the threshold field Eth
using Eq. 9. In Fig. 4(c), we show the dependence of Eth on Kondo coupling strength JK on the system size L = 48.
Although Eq. 9 is obtained at the dc-limit, we find it is helpful to understand the physics under the influence of time-dependent
laser field. In Fig. 4(d), we plot the time-profile of electric field E(t) (black) and threshold value Eth for various JK . Here, we
reach the condition of E(tc) = Eth(JK), where tc is the first time that electric field exceeds the threshold field. In general, the
larger JK , the longer critical time tc is expected, as shown in Fig. 4(d). This basically gives us an understanding why the JK
dependent laser-induced phase transition in the main text (Fig. 1). The threshold value Eth shown in Fig. 1 (white dashed line)
is estimated using Eq. (9).
SEMI-CLASSICAL ANALYSIS OF RECOLLISION TRAJECTORY
Under a single active electron approximation and a two-band model, usually the inter-band current determines the highest har-
monics emitted by a laser driven semiconductor media [33]. Hence, the electron-hole trajectories three steps classical approach
could predict the harmonic emission along the plateu and cutoff [34]. Here, we assume the band structure of conduction band
and valence band as
c(q) = ∆ + vc cos q, v(q) = −∆ + vv cos q. (11)
and the electric field is
E(t) = E0 cos(kx− ωt). (12)
The electron and hole wave vector relative to its value at t = 0,
qe(t) = − e~
∫ t
0
E(t′)dt′ =
eE0
~ω
sin(kx− ωt) + qe(0),
qh(t) =
e
~
∫ t
0
E(t′)dt′ = −eE0
~ω
sin(kx− ωt) + qh(0). (13)
And the group velocity is
ve(t) =
∂c(q)
~∂q
= vc sin q(t) = vc sin[
eE0
~ω
sin(kx− ωt) + qe(0)],
vh(t) =
∂v(q)
~∂q
= vv sin q(t) = vv sin[−eE0~ω sin(kx− ωt) + qh(0)]. (14)
Using the velocity, we obtain the position of electron and hole:
xe(t) =
∫ t
0
ve(t
′)dt′,
xh(t) =
∫ t
0
vh(t
′)dt′. (15)
At the recollison time tc, the electron and hole return to the same position in spatial space, that is [33]
xe(tc) = xh(tc). (16)
Once we get the solution of tc, we will have the energy difference between electron and hole at time tc:
∆E(tc) = c(q(tc))− c(q(tc)). (17)
This energy difference will transfer to phonon emission.
In Fig. 5, we show the semi-classical solution of electron and hole trajectory, and the harmonic photon energy as a function
of the recollision time. One can see that the recollision almost occurs within one optical cycle. This observation is largely
consistent with the Gabor time-profile analysis in the main text.
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FIG. 5. (a) Dispersion relation of conduction band and valence band. (b) Trajectory of electron (blue) and hole (green) as a function of time.
(c) The resulting phonon emission as a function of the recollision time tc (blue dots). The red line shows the derivative of electric field.
MEAN FIELD SOLUTION OF KONDO BREAKDOWN
In this section, we will explore the mean field solution of the time-dependent Kondo lattice model:
Hˆ =
L−1∑
i,σ
[t0e
−iΦ(t)c†iσci+1,σ + h.c.] + JK
∑
i
Si · si. (18)
c†i,σ denotes the creation operator of a conduction electron in the state with spin σ. The Si is localized moment with spin-1/2.
And each localized moment interacts via an exchange coupling JK with spin of conduction electron, where spin degree of
freedom of conduction electron is defined as si = 12
∑
α,β c
†
iασαβciβ . Next we set 4t0 = 1 in the calculations.
We first decouple the local moment using fermionic operators
Szi =
1
2
(f†i↑fi↑ − f†i↓fi↓), S†i = f†i↑fi↓, S− = f†i↓fi↑ (19)
and f†i↑fi↑ + f
†
i↓fi↓ = 1 should be satisfied. Thus, the Kondo coupling term becomes
JK
∑
i
Si · si = JK
∑
i
1
2
[f†i↑fi↓c
†
i↓ci↑ + c
†
i↑ci↓f
†
i↓fi↑] +
1
4
[f†i,↑fi,↑ − f†i↓fi↓][c†i↑ci↑ − c†i↓ci↓] (20)
In the mean-field language, we have
f†i↑fi↓c
†
i↓ci↑ = 〈f†i↑ci↑〉fi↓c†i↓ + f†i↑ci↑〈fi↓c†i↓〉 − 〈f†i↑ci↑〉〈fi↓c†i↓〉 (21)
c†i↑ci↓f
†
i↓fi↑ = 〈c†i↑fi↑〉ci↓f†i↓ + c†i↑fi↑〈ci↓f†i↓〉 − 〈c†i↑fi↑〉〈ci↓f†i↓〉 (22)
f†i↑fi↑c
†
i↑ci↑ = f
†
i↑fi↑(1− ci↑c†i↑) = f†i↑fi↑ + 〈f†i↑ci↑〉fi↑c†i↑ + f†i↑ci↑〈fi↑c†i↑〉 − 〈f†i↑ci↑〉〈fi↑c†i↑〉 (23)
and
(nfi↑ − nfi↓)(nci↑ − nci↓) = 〈nfi↑ − nfi↓〉(nci↑ − nci↓) + (nfi↑ − nfi↓)〈nci↑ − nci↓〉 − 〈nfi↑ − nfi↓〉〈nci↑ − nci↓〉 (24)
(nfi↑ − nfi↓)(nfi+1,↑ − nfi+1,↓) = 〈nfi↑ − nfi↓〉(nfi+1,↑ − nfi+1,↓) + (nfi↑ − nfi↓)〈nfi+1,↑ − nfi+1,↓〉 − 〈nfi↑ − nfi↓〉〈nfi+1,↑ − nfi+1,↓〉(25)
9The hamiltonian becomes
HMF = t
∑
i,σ
c†i,σci+1,σe
−iΦ(t) + h.c
+JK
(1− x)
2
∑
i
hi,↑fi↓c
†
i↓ + h
∗
i,↓ci↑f
†
i↑ + h
∗
i,↑ci↓f
†
i↓ + hi,↓fi↑c
†
i↑ + hi↑h
∗
i↓ + h
∗
i↑hi↓
+JK
(1− x)
4
∑
i
f†i↑fi↑ + hi,↑fi↑c
†
i↑ + h
∗
i,↑ci↑f
†
i↑ + f
†
i↓fi↓ + hi,↓fi↓c
†
i↓ + h
∗
i,↓ci↓f
†
i↓ + hi↑h
∗
i↑ + h
∗
i↓hi↓
+JK
x
4
∑
i
Szi n
c
i,↑ − nci↓Szi + nfi,↑szi − szinfi,↓ − Szi szi (26)
where the mean-field parameters are
Szi = 〈nfi↑ − nfi,↓〉, szi = 〈nci↑ − nci,↓〉, hi,↑ = 〈f†i↑ci↑〉, hi,↓ = 〈f†i↓ci↓〉, (27)
where hi,↑, hi,↓ describe the hybridization between c-electron and f-electron, which can be taken as an order parameter for
Kondo insulator.
At initial time t = 0, we first get the mean field solution self-consistently. For JK 6= 0, the mean field solution are:
Szi = 0, s
z
i = 0, hi,↑ = hi,↓ 6= 0, which relates to the Kondo insulator phase with non-zero hybridization between local
moments and conduction electrons.
For time evolution at t 6= 0, the dynamics of the system are determined by the following time-dependent equation
i
d
dt
(
c†{i}
f†{i}
)
= HMF (h{i},↑(t), h{i},↓(t))
(
c†{i}(t)
f†{i}(t)
)
.
Here, HMF is the time-dependent Hamiltonian in which the hybridization parameters h{i},↑(t), h{i},↓(t) now evolves in time.
We show the mean field phase diagram is shown in Fig. 6. The Kondo insulator phase is identified by hybridization param-
eters h{i}↑(↓)(t) 6= 0. The transient transition point (open square) is determined by hybridization parameters becomes zero:
h{i},↑(↓)(tc) = 0. In Fig. 6, the laser field can drive a transition from the Kondo insulator to a liquid phase when JK is below a
critical value (JK < JcK). When JK is strong enough (JK > J
c
K), the Kondo insulator can be not destroyed. This mean field
phase diagram captures the main features shown in Fig. 1(c-d) in the main text.
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FIG. 6. The mean-field phase diagram of time-dependent Kondo lattice model. The Kondo insulator phase is identified by hybridization
parameters hi(t) 6= 0, and the transition time tc is identified by hi(tc) = 0. The laser field has peak strength E0 = 0.16 a.u., frequency
ω0 = 0.02 a.u. and a 5-cycle sin2 envelope.
